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Carotenoids are lipophilic plastidial isoprenoids highly valued as nutrients and natural pigments.
A correct balance of chlorophylls and carotenoids is required for photosynthesis and therefore
highly regulated, making carotenoid enrichment of green tissues challenging. Here we show that
leaf carotenoid levels can be boosted through engineering their biosynthesis outside the
chloroplast. Transient expression experiments in Nicotiana benthamiana leaves indicated that
high extraplastidial production of carotenoids requires an enhanced supply of their isoprenoid
precursors in the cytosol, which was achieved using a deregulated form of the main rate-
determining enzyme of the mevalonic acid (MVA) pathway. Constructs encoding bacterial
enzymes were used to convert these MVA-derived precursors into carotenoid biosynthetic
intermediates that do not normally accumulate in leaves, such as phytoene and lycopene.
Cytosolic versions of these enzymes produced extraplastidial carotenoids at levels similar to those
of total endogenous (i.e. chloroplast) carotenoids. Strategies to enhance the development of
endomembrane structures and lipid bodies as potential extraplastidial carotenoid storage
systems were not successful to further increase carotenoid contents. Phytoene was found to be
more bioaccessible when accumulated outside plastids, whereas lycopene formed cytosolic
crystalloids very similar to those found in the chromoplasts of ripe tomatoes. This extraplastidial
production of phytoene and lycopene led to an increased antioxidant capacity of leaves. Finally,
we demonstrate that our system can be adapted for the biofortification of leafy vegetables such
as lettuce.
Introduction
Carotenoids are lipophilic isoprenoids distributed throughout all
kingdoms of life. Plants and some bacteria, archaea and fungi
can biosynthesize these compounds de novo, whereas the vast
majority of animals acquire them through their diet (Rodriguez-
Concepcion et al., 2018; Zheng et al., 2020). Carotenoids are
an essential part of the human diet, acting as precursors of
retinoids (including vitamin A) and health-promoting molecules.
They are also economically relevant as natural pigments that
provide colours in the yellow to red range to many fruits,
vegetables, seafood, fish, poultry and dairy products. One
example is lycopene, which gives rise to the red colour in ripe
tomatoes. Carotenoids with a shorter conjugation length such
as phytoene (the first committed intermediate of the
biosynthetic pathway) are colourless (Rodriguez-Concepcion
et al., 2018).
In plants, carotenoids are synthesized in plastids from the
universal C5 isoprenoid precursors isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP) produced by the
methylerythritol 4-phosphate (MEP) pathway (Figure 1). Other
plastidial isoprenoids, such as monoterpenoids and the prenyl
moieties of chlorophylls and tocopherols, are produced using the
same pool of substrates. In the cytosol, a second pool of IPP and
DMAPP is synthesized by the mevalonic acid (MVA) pathway for
the production of sesquiterpenoids and triterpenoids (including
sterols). Plastid-localized isoforms of geranylgeranyl diphosphate
(GGPP) synthases catalyse the condensation of three IPP and one
DMAPP into one C20 GGPP. Two GGPP molecules are then
converted into one C40 phytoene by phytoene synthase.
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Desaturation and isomerization of phytoene produce lycopene, a
linear carotenoid whose ends may then be cyclized into b and/or e
rings. The formation of two b rings results in the production of b-
carotene, from which b-b xanthophylls such as violaxanthin and
neoxanthin are formed through oxidation. The formation of one
b and one e ring leads to the production of lutein, the most
abundant xanthophyll in photosynthetic tissues (Figure 1a). In
chloroplasts, carotenoids are involved in light harvesting and
photoprotection against excess light, and their levels are finely
balanced with those of chlorophylls for the efficient assembly and
functionality of photosynthetic complexes (Domonkos et al.,
2013; Esteban et al., 2015; Hashimoto et al., 2016). Carotenoids
can also be produced and stored at high levels in chromoplasts,
which are specialized plastids found in some non-photosynthetic
tissues of flowers, fruits and other carotenoid-accumulating
tissues (Sadali et al., 2019; Sun et al., 2018).
Several biotechnological strategies have been tested to enrich
plant-derived feed and food products with carotenoids to
improve their nutritional and economic value (Alos et al., 2016;
Zheng et al., 2020). While highly successful results have been
obtained in non-photosynthetic tissues, including Golden Rice,
manipulation of carotenoid levels in photosynthetic tissues has
been much more challenging. We have investigated methods to
produce carotenoids in green tissues without interfering with
photosynthetic function by moving their biosynthesis away from
the chloroplast. The cytosol was a logical choice since the
metabolic precursors of carotenoids (IPP and DMAPP) are already
present due to the activity of the MVA pathway (Figure 1a). A
previous attempt using virus-mediated expression of bacterial
enzymes encoding GGPP synthase (crtE), phytoene synthase (crtB)
and a desaturase/isomerase transforming phytoene into lycopene
(crtI) resulted in the production of lycopene in the cytosol of
tobacco (Nicotiana tabacum) cells (Majer et al., 2017). Virus-
infected tissues accumulated lycopene to levels up to 10% of the
total leaf carotenoid content, but only for 1–2 days, as
carotenoid-producing leaves soon became necrotized. Such
deleterious phenotype may be caused by side-effects of the viral
infection, by the diversion of metabolic substrates away from
cytosolic isoprenoid pathways, and/or by negative interference of
the lipophilic lycopene with cell membrane function. Here we
tested new strategies to circumvent these problems using
phytoene and lycopene as the target products. The choice of
these carotenoid intermediates (Figure 1a) was based on three
main reasons. First, they are virtually absent in non-engineered
leaves as they are readily converted into downstream chloroplast
carotenoids (Domonkos et al., 2013; Esteban et al., 2015;
Hashimoto et al., 2016; Rodriguez-Concepcion et al., 2018).
Second, their supply is essential for the eventual production of
any downstream carotenoid of interest. And third, they are
health-promoting phytonutrients that are only found in a few
food sources (Melendez-Martinez et al., 2015; Melendez-
Martinez et al., 2018; M€uller et al., 2011; Rodriguez-Concepcion
et al., 2018).
Results
Agroinfiltrated leaves can produce extraplastidial
phytoene and lycopene at levels similar to those of
endogenous chloroplast carotenoids
To produce phytoene and lycopene in the cytosol without the
deleterious effects previously observed using viral vectors (Majer
et al., 2017), we tested a combination of strategies using
Figure 1 Schematic representation of the pathways and enzymes related to this work. (a) Carotenoid biosynthesis and related isoprenoid pathways in
plants. Inhibitors of the MVA pathway (mevinolin, MEV), the MEP pathway (fosmidomycin, FSM) and the carotenoid pathway (norflurazon, NF) are boxed in
black. HMG-CoA, hydroxymethylglutaryl coenzyme-A; MVA, mevalonic acid; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; FPP, farnesyl
diphosphate; GGPP, geranylgeranyl diphosphate; GAP, glyceraldehyde 3-phosphate; MEP, methylerythritol 4-phosphate. Enzymes produced in our system
are shown in colour: tHMGR, truncated HMG-CoA reductase; crtE, bacterial GGPP synthase; crtB, bacterial phytoene synthase; crtI, bacterial desaturase/
isomerase; TXS, taxadiene synthase. The green box encloses reactions taking place in plastids. (b) Proteins used in this work. HMGR1S, crtE, crtB and crtI are
unmodified enzymes. The rest are either truncated or fusion proteins. Boxes represent different enzymes and tags drawn to scale.
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agroinfiltration of Nicotiana benthamiana as a less aggressive
transient expression system (Schwach et al., 2005). Plasmid
vectors expressing the constructs under the control of the
constitutive cauliflower mosaic virus 35S promoter together with
a plasmid carrying the viral RNA silencing suppressor HCPro were
used for transformation of Agrobacterium tumefaciens strain
GV3101. N. benthamiana leaves were infiltrated with A. tume-
faciens cultures carrying the selected constructs in identical
proportions. To convert MVA-derived IPP and DMAPP into
carotenoids, the bacterial Pantoea ananatis genes encoding crtE
(to produce GGPP), crtB (to transform GGPP into phytoene) and
crtI (to synthesize lycopene from phytoene) were used (Fig-
ure 1a). Unmodified versions of these three bacterial enzymes are
active and synthesize lycopene in the cytosol of tobacco leaf cells
(Majer et al., 2017). In the case of crtB, however, part of the
protein is targeted to chloroplasts (Figure 2) (Llorente et al.,
2020). To prevent this, we tested a version of the crtB enzyme
with GFP fused to its N-terminus referred to as GFP-crtB
(Figure 1b), which is retained in the cytosol of agroinfiltrated N.
benthamiana leaf cells (Figure 2) (Llorente et al., 2020). When we
compared the production of phytoene by crtB and GFP-crtB
enzymes at 5 days post-infiltration (dpi) (Figure 3), the amounts
were 10-fold higher in the case of the unmodified crtB enzyme.
This could be due to the N-terminal GFP tag interfering with crtB
activity. Alternatively, the localization of at least some crtB protein
in chloroplasts (Figure 2) might involve access to a higher supply
of GGPP for phytoene production. Consistent with the latter
hypothesis, inhibition of the MEP pathway with fosmidomycin
(Figure 1a) strongly decreased the production of phytoene by crtB
but not by GFP-crtB (Figure 3a). A similar result was observed
when plastidial GGPP levels were decreased by co-expressing a
Taxus baccata gene encoding taxadiene synthase (Figure 3b), a
chloroplast-targeted enzyme that directly converts MEP-derived
GGPP into the non-native diterpene taxadiene (Besumbes et al.,
2004) (Figure 1a). These results support the conclusion that
unmodified crtB produces most of the detected phytoene from
plastidial GGPP. In agreement, specific blockage of cytosolic IPP
and DMAPP supply with the MVA pathway inhibitor mevinolin
(Figure 1a) decreased the production of phytoene by GFP-crtB
but not by crtB (Figure 3a). Conversely, increasing cytosolic GGPP
levels by co-agroinfiltration of the crtE enzyme resulted in a
marginal increment in the production of phytoene by crtB while it
doubled the levels of phytoene synthesized by GFP-crtB (Fig-
ure 3b). These results indicate that GFP-crtB is enzymatically
active and uses MVA-derived GGPP precursors to produce
phytoene.
To minimize competition with endogenous cytosolic iso-
prenoid pathways (Figure 1a), we next increased MVA pathway
flux using a truncated version of hydroxymethylglutaryl CoA
reductase (HMGR), the main rate-limiting enzyme of the MVA
Figure 2 Subcellular localization of GFP-tagged proteins. N.
benthamiana leaves were agroinfiltrated with constructs to express the
indicated proteins and investigate their subcellular distribution based on
GFP fluorescence by confocal microscopy at 3 dpi. Pictures show Z-stacks
of selected regions of leaf cells displaying GFP fluorescence either alone (in
green; left panels) or in combination with chlorophyll autofluorescence (in
red; right panels). Arrows mark chloroplasts showing GFP fluorescence.
Scale bars are 10 lm.
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pathway (Rodriguez-Concepcion and Boronat, 2015). In partic-
ular, we used the Arabidopsis thaliana HMGR1 enzyme
(At1g76490) lacking the N-terminal regulatory domain (Fig-
ure 1b). This truncated version, referred to as tHMGR (Cankar
et al., 2015; van Herpen et al., 2010), is not feedback-regulated
and localizes to the cytosol as it lacks the N-terminal transmem-
brane domain that anchors the enzyme to the endoplasmic
reticulum (ER). Constructs encoding tHMGR were co-infiltrated
with the corresponding bacterial enzymes into N. benthamiana
leaves and their carotenoid profile was analysed at 5 dpi
(Figure 4). Co-agroinfiltration of constructs for tHMGR, crtE and
GFP-crtB (HEB combination) led to an astounding accumulation
of phytoene (Figure 4a). While addition of the crtE enzyme
doubled the production of phytoene compared to GFP-crtB
alone (EB relative to B, respectively; Figure 3b), a dramatic 200-
fold increase in phytoene levels was detected in HEB samples
additionally producing tHMGR (Figure 4b). Strikingly, this newly
produced cytosolic phytoene increased total carotenoid levels by
more than 60%. Further addition of crtI (HEBI combination)
resulted in the production of very high levels of lycopene but
also phytoene, probably reflecting incomplete enzymatic
conversion by crtI (Figure 4b). The level of cytosolic carotenoids
accumulated in HEBI leaves was similar to the total amount of
endogenous chloroplast carotenoids (Figure 4b). In particular,
lycopene levels were in the same range of those found in
chromoplasts from natural sources specialized for the accumu-
lation of high lycopene levels such as tomato ripe fruit (D’Andrea
et al., 2018; Diretto et al., 2020; Flores et al., 2016; Massaretto
et al., 2018; Nogueira et al., 2013; Pankratov et al., 2016;
Suzuki et al., 2015).
Enhancing the development of endomembrane
structures does not improve carotenoid contents
Next, we evaluated the potential of anchoring the bacterial
enzymes to cell endomembranes while stimulating the prolifer-
ation of such lipid-storage structures to accommodate even
higher carotenoid levels without interfering with other cell
functions. To do this, we used the N-terminal 178 aa sequence
of the Arabidopsis HMGR1S isoform. This sequence (named 1S)
lacks any catalytic activity, but it includes transmembrane
domains for ER membrane anchoring and is sufficient to stimulate
a massive proliferation of ER-derived membranes and vesicular
Figure 3 Supply of isoprenoid precursors is limiting for phytoene biosynthesis in the cytosol. N. benthamiana leaves were agroinfiltrated with the indicated
constructs and samples were collected at 5 dpi for HPLC analysis. (a) Phytoene accumulation in leaf areas expressing either crtB or GFP-crtB, after treatment
with the indicated inhibitors of the MEP or MVA pathways (FSM and MEV, respectively) or a mock solution (control). (b) Phytoene accumulation in leaf areas
expressing crtB, GFP-crtB or 1S-crtB either alone (control) or together with yew TXS or bacterial crtE. Plots show the mean and standard error of n = 4
independent samples. Asterisks mark statistically significant changes relative to control samples (t-test, P < 0.05).
Figure 4 Extraplastidial carotenoids are produced at levels similar to those naturally found in chloroplasts. N. benthamiana leaf areas agroinfiltrated with
different combinations of constructs were collected at 5 dpi for HPLC analysis. (a) HPLC chromatograms of HE, HEB and HEBI samples at 280 nm (to detect
phytoene) and 470 nm (to detect coloured carotenoids). The non-plant carotenoid canthaxanthin is used as an internal standard. (b) Levels of carotenoids
in leaf areas agroinfiltrated with the indicated combinations. (c) Levels of phytoene and lycopene in leaf areas expressing untagged enzymes (+) or versions
with N-terminal GFP or 1S sequences. (d) Levels of phytoene and lycopene in HEBI leaf areas either co-infiltrated or not with a set of three more proteins
promoting lipid body formation (indicated as + OWD). Levels are expressed relative to those without OWD. In all cases, plots represent the mean and
standard error of n ≥ 3 independent samples.
ª 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1–14
Trine B. Andersen et al.4
ª 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1–14
Extraplastidial carotenoid synthesis 5
structures (Ferrero et al., 2015). Indeed, N-terminal fusion of the
1S sequence to GFP resulted in the localization of the resulting
1S-GFP protein in highly fluorescent bodies corresponding to
these proliferating structures (Figure 2). A very similar distribution
was observed for 1S-crtE-GFP. In the case of the 1S-crtB-GFP and
1S-crtI-GFP fusions, however, the fluorescent bodies were not
observed and the proteins localized only in ER membranes
(Figure 2).
The combination tHMGR, 1S-crtE and 1S-crtB (HE1B1) pro-
duced 0.06 mg of phytoene per g of DW (or 60 µg/g DW), which
is about 15-fold lower than that produced by the HEB samples
(Figure 4c) but fivefold higher than that produced by crtE and 1S-
crtB (Figure 3b). These results suggest that the addition of the 1S
domain to crtB or crtE does not block their enzymatic activity, but
rather inhibits correct use of the extra MVA-derived precursors
that result from tHMGR activity. Consistent with this interpreta-
tion, when tHMGR and 1S-fused crtE, crtB and crtI enzymes were
used (HE1B1I1 combination), the production of lycopene showed a
dramatic drop (Figure 4c). By using only one of the three bacterial
enzymes fused to 1S, however, different effects were observed.
The use of 1S-crtE did not have a significant impact compared to
crtE, but a reduction occurred when crtI was substituted with 1S-
crtI, and a major inhibition resulted from using 1S-crtB in place of
GFP-crtB (Figure 4c).
As an alternative strategy to improve carotenoid storage in
extraplastidial compartments, we next stimulated the prolifera-
tion of oleosin-coated lipid bodies. The strategy, based on the co-
agroinfiltration of sequences encoding oleosins, diacylglycerol
acyltransferase, and the transcription factor WRINKL1, has
recently been reported as contributing successfully to the storage
of lipophilic MVA-derived sesquiterpenes (Figure 1a) in N. ben-
thamiana leaves (Delatte et al., 2018). Addition of the plasmids
encoding these proteins to the HEBI mix, however, was detri-
mental to lycopene accumulation and neutral for phytoene
(Figure 4d).
Extraplastidial phytoene and lycopene accumulation
eventually reduce chlorophyll contents and
photosynthetic activity
The massive levels of lycopene that accumulated in N. benthami-
ana leaves agroinfiltrated with HEBI constructs resulted in a
characteristic red colour in the sectors that produced the pigment
(Figure 5). By contrast, HEB areas producing only phytoene were
visually indistinguishable from agroinfiltrated control HE areas, as
expected due to the colourless nature of phytoene (Figure 5a). At
the cell level, tubular structures of distinctive red colour were
observed inside HEBI cells (Figure 5b), suggesting that they might
correspond to lycopene crystals. The red colour of lycopene-
accumulating areas was stable for about a week and then it
gradually fainted. Leaf pigmentation actually paralleled the
accumulation profile of lycopene, which steadily increased to 5
dpi, and then remained high for at least two more days
(Figure 5c). Interestingly, the levels of endogenous (i.e. chloro-
plastidial) carotenoids in HEBI leaves remained unchanged,
whereas chlorophyll levels started to decrease at 5 dpi and by 7
dpi they had dropped about 20% (Figure 5c). Phytoene produc-
tion in N. benthamiana leaves agroinfiltrated with HEB constructs
appeared to be still active at 7 dpi (Figure 5c). Similar to lycopene-
producing HEBI leaf tissues, HEB areas accumulating cytosolic
phytoene showed a decrease in chlorophyll levels and no changes
in chloroplast-associated carotenoids. In this case, however, the
reduction in chlorophyll contents occurred later (at 7 dpi) and to a
lower degree (10%) compared to lycopene-producing HEBI leaf
tissues (Figure 5c). No changes in carotenoid or chlorophyll levels
were observed in control HE leaves (Figure 5c), suggesting that
the decrease in chlorophyll levels observed in leaves producing
phytoene and lycopene is not due to the agroinfiltration
procedure but to the accumulation of those carotenoids outside
chloroplasts. Analysis of chloroplast ultrastructure by transmission
electron microscopy (TEM) of leaf cells at 7 dpi showed a higher
abundance of plastoglobules in HEB chloroplasts compared to HE
controls (Figure 5d). The development of plastoglobules was
more evident in HEBI chloroplasts, which also showed a
decreased abundance of thylakoid membranes and grana (Fig-
ure 5d).
To check whether the changes in leaf chlorophyll levels and
chloroplast ultrastructure caused by extraplastidial accumulation
of phytoene and lycopene had any impact on photosynthesis,
we next quantified effective quantum yield of photosystem II
(ɸPSII) at different time points after agroinfiltration with HE, HEB
or HEBI combinations (Figure 5e). Phytoene-producing HEB
leaves only showed a statistically significant decrease in the
ɸPSII value at 7 dpi, whereas HEBI tissues producing lycopene
showed a stronger reduction even at earlier time points
(Figure 5e). While our results demonstrate that leaf cells remain
photosynthetically active despite accumulating phytoene and
lycopene at levels similar to those of photosynthesis-related
chloroplast carotenoids (i.e. lutein, b-carotene, violaxanthin and
neoxanthin), they also show that chloroplast features are altered
by the accumulation of phytoene and, particularly, lycopene in
extraplastidial locations.
Phytoene shows improved bioaccessibility when
accumulated outside plastids
Phytoene is a health-promoting carotenoid naturally found in
some non-green fruits and vegetables such as tomatoes but
normally absent from leaves (Melendez-Martinez et al., 2015;
Melendez-Martinez et al., 2018). The accumulation of phytoene
in HEB leaves reached levels of ca. 1 mg/g DW, similar or even
higher than those found in ripe tomatoes (D’Andrea et al., 2018;
Diretto et al., 2020; Flores et al., 2016; Massaretto et al., 2018;
Nogueira et al., 2013; Pankratov et al., 2016; Suzuki et al., 2015).
However, it was unknown whether the subcellular localization of
phytoene might impact its bioaccessibility (i.e. the quantity
released from the plant matrix in the gastrointestinal tract that
becomes available for absorption and eventual biological activity).
To address this question, we compared bioaccesibility of
extraplastidial phytoene from agroinfiltrated HEB leaves and
plastidial phytoene from non-infiltrated leaves treated with
norflurazon (NF), an inhibitor of phytoene desaturation (Fig-
ure 1a). N. benthamiana leaves were infiltrated either with A.
tumefaciens cultures carrying the HEB constructs or with NF and
collected 5 days later. Non-infiltrated leaves were also collected
as a control, and tissue from all samples was freeze-dried and
ground to a fine powder that was used for both HPLC and in vitro
digestion assays (Figure 6). HPLC analysis of the samples showed
that the NF treatment resulted in the accumulation of some
phytoene and only caused a slight reduction in the levels of
downstream carotenoids compared to control leaves (Figure 6a).
The levels of phytoene in HEB leaf samples were much higher
than those in NF-treated samples, whereas the amount of
chloroplast carotenoids remained unchanged compared to con-
trol leaves (Figure 6a). To facilitate bioaccesibility comparisons,
we mixed 1 volume of lyophilized HEB tissue with 5 volumes of
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Figure 5 Accumulation of extraplastidial phytoene and lycopene indirectly impacts photosynthesis. (a) Representative pictures of N. benthamiana leaves
agroinfiltrated in their lower left-hand side with constructs to express HE, HEB and HEBI combinations. The lower panels show a magnification of the
agroinfiltrated areas. (b) Picture of a leaf cell from a HEBI-infiltrated area. Note the distinctive red tubular structure within the cell, likely to be a large
lycopene crystal. Scale bar is 10 lm. (c) Photosynthetic pigment levels in HE, HEB and HEBI leaf areas at the indicated times after agroinfiltration.
Carotenoid contents refer to endogenous (i.e. chloroplastic) species, excluding phytoene and lycopene. Values are the mean and standard error of n ≥ 3
independent samples relative to levels at 3 dpi. Asterisks mark statistically significant changes (t-test, P < 0.05) relative to 3 dpi. (d) TEM images of
representative chloroplasts from leaf areas like those shown in (a) at 7 dpi. Arrows mark plastoglobules in HEB and HEBI chloroplasts. Scale bars are 1 µm.
(e) Effective quantum yield of PSII (ɸPSII) in leaf sections agroinfiltrated with the indicated combinations. Plots represent the mean and standard error of
n ≥ 3 independent samples. Asterisks mark statistically significant changes (t-test, P < 0.05) relative to 0 dpi.
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control tissue to create a new sample (named HEB/5C) with levels
of extraplastidial phytoene similar to the plastidial phytoene
contents of NF samples (Figure 6a). Then, a standardized in vitro
method that simulates digestion was used to estimate the
bioaccessibility of phytoene in leaves when accumulated either
inside or outside plastids (NF-treated leaves or HEB and HEB/5C
samples, respectively). Using this in vitro method, which repro-
duces physiological conditions in vivo by using specific digestive
enzymes under conditions mimicking oral, gastric and small
intestinal digestion phases, bioaccessibility of phytoene was
found to be 60-70% higher in HEB and HEB/5C samples
compared to NF-treated leaves (Figure 6b). By contrast, bioac-
cessibility of the endogenous (chloroplast) carotenoids was similar
in all the samples (Figure 6b). The results support the conclusion
that extraplastidial accumulation improves phytoene bioaccessi-
bility.
Cytosolic lycopene crystals in leaves are similar to those
present in tomato fruit chromoplasts and contribute to
increase antioxidant capacity
Like phytoene, lycopene is associated with health benefits but its
bioaccessibility is much lower in part because lycopene-rich
products such a ripe tomato fruits accumulate this carotenoid as
intraplastidial crystals (Cooperstone et al., 2015; Mapelli-Brahm
et al., 2018). To test whether the tubular structures that were
visible in HEBI cells (Figure 5b) correspond to lycopene crystal-
loids, we initially recorded the absorption spectra of N. ben-
thamiana HE, HEB and HEBI leaves and then calculated the
difference spectra for HEB-minus-HE and HEBI-minus-HE (Fig-
ure 7a). The HEBI-HE difference spectrum exhibited two peaks in
the carotenoid region at 528 and 568 nm, that were absent in
the HEB-HE spectrum. This indicates the presence of a new
carotenoid species absorbing in this region in HEBI. The peaks are
coincident with the 0-1 and 0-0 vibronic transitions, respectively,
reported for lycopene crystalloids in tomatoes (Ishigaki et al.,
2017; Llansola-Portoles et al., 2018). To analyse the features of
the HEBI lycopene crystals further, we turned to resonance
Raman spectroscopy, a technique that provides rich information
about the vibrational properties of carotenoids. The vibrational
modes in the m1 region, around 1520 cm
-1, arise from stretching
vibrations of the double bonds of the linear carotenoid skeleton
(Koyama and Fujii, 1999; Robert, 1999). Resonance Raman
spectra at 77 K upon 514.5 and 577 nm excitation were
recorded for HEBI and control HE leaves, and compared with
that of ripe tomatoes (Figure 7b). At 514.5 nm, both HE and HEBI
leaves exhibit a wide m1 mode but with somewhat shifted maxima
– 1525.8 cm-1 in HE and 1523.8 cm-1 in HEBI. An even lower
frequency is observed in the case of ripe tomato fruit (peak at
1521.5 cm-1; Figure 7b), as previously described (Llansola-Por-
toles et al., 2018). HE samples excited at 577 nm exhibited a wide
vibrational mode, peaking at the same frequency as at 514.5 nm
(1525.8 cm-1). In contrast, the m1 mode for HEBI at 577 nm is
significantly narrower and down-shifted to 1513.1 cm-1, over-
lapping with the spectrum of tomatoes at this wavelength
(Figure 7b). Note that the signals recorded in leaves for 577 nm
excitation are very noisy, as they overlap with the blue tail of the
large chlorophyll fluorescence signal. Taken together, these data
indicate that HEBI leaves exhibit contributions both from chloro-
plast carotenoids and from a new red-absorbing species. This red-
shifted carotenoid dominates the spectrum at 577 nm, as it is in
pre-resonance with its 0-0 absorption transition at 568 nm (see
above) giving a narrow m1 contribution at 1513.1 cm
-1, as
Figure 6 Bioaccessibility of phytoene changes depending on its subcellular accumulation site. N. benthamiana leaves were agroinfiltrated with HEB
constructs to produce extraplastidial phytoene or treated with norflurazon (NF) to accumulate phytoene inside chloroplasts and collected 5 days later. Non-
infiltrated, untreated leaves were collected at the same time as a control (sample C). Freeze-dried tissue from these leaf samples was ground and used for
both for HPLC and bioaccessibility analysis. A sample combining one part of HEB and five parts of C ground tissue (named HEB/5C) was also used for
experiments. (a) HPLC analysis of carotenoids in the indicated samples. (b) Bioaccessibility of the carotenoids shown in (a). Values correspond to the mean
and standard error of n = 3 independent samples per treatment represented relative to those of NF-treated leaves. Asterisks mark statistically significant
changes relative to NF-treated samples (t-test, P < 0.05).
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observed in tomatoes. A mixture of both carotenoid populations
(new red species and chloroplast carotenoids) is observed when
exciting HEBI at 514.5 nm, as this wavelength is midway between
the newly observed 0-1 band (528 nm) and the 0-0 transitions of
photosynthetic carotenoids (~500 nm and below). In this case, m1
exhibits a frequency intermediate between 1513.1 cm-1 (red
species) and 1525.8 cm-1 (chloroplast carotenoids; see HEB at this
wavelength). The marked similarity between the extraplastidial
lycopene crystals formed in HEBI leaves and the lycopene
crystalloids naturally present in ripe tomatoes, in terms of their
vibrational and electronic properties, indicates a very similar
organization and aggregation state in both cases.
Lycopene is a major contributor to the antioxidant properties of
carotenoid-containing foods (M€uller et al., 2011). In agreement,
the accumulation of lycopene in HEBI leaves resulted in an
astounding 80% increase in antioxidant activity of the leaf tissue
as determined using the Trolox equivalent antioxidant capacity
(TEAC) test (Figure 8a). Also consistent with the much lower
antioxidant capacity of phytoene (M€uller et al., 2011), the TEAC
value of phytoene-producing HEB leaves was only 30% higher
than that of HE controls (Figure 8a).
Cytosolic carotenoid production in edible lettuce leaves
Our strategy of engineering a synthetic cytosolic pathway to
boost carotenoid levels in green (i.e. chloroplast-containing)
tissues could be readily applied to the biofortification of edible
leafy vegetables. As a proof of concept, we tested whether
agroinfiltration could also work to transiently express the required
genes in romaine lettuce (Lactuca sativa), a widely consumed and
inexpensive salad vegetable with a relatively low nutritional value
(Mou, 2009). Lettuce leaves were found to be more difficult to
agroinfiltrate than those of N. benthamiana, but vacuum agroin-
filtration was successful in transiently expressing HEB and HEBI
combinations leading to extraplastidial phytoene and/or lycopene
overproduction in some leaf areas (Figure 8b). The levels of total
Figure 7 Lycopene crystalloids in HEBI leaves are similar to those in
tomato fruit chromoplasts. (a) Absorption difference spectra of N.
benthamiana leaves (HEB and HEBI-minus-HE) obtained at room
temperature in reflectance mode. (b) 77 K resonance Raman spectra in
the m1 region for N. benthamiana HE and HEBI leaves and red (ripe) tomato
fruit at 514.5 and 577 nm excitation.
Figure 8 Cytosolic production of phytoene and lycopene contribute to
biofortification. (a) Antioxidant capacity of N. benthamiana HE, HEB and
HEBI leaves. Values correspond to the mean and standard error of n = 3
independent samples represented relative to those of control (HE) leaves.
(b) Levels of carotenoids in lettuce leaves agroinfiltrated with the indicated
combinations of constructs. Mean and standard error of n ≥ 4
independent samples are represented relative to those in HE leaves.
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carotenoids (i.e. extraplastidial and chloroplastic) were clearly
enhanced in agroinfiltrated areas, although the accumulation of
phytoene and/or lycopene was lower than that achieved in N.
benthamiana.
Discussion
In this paper, we show that carotenoids can be produced and
accumulated in very high amounts for over a week in the cytosol
of leaf cells. We demonstrate major improvements compared to
our first attempts in N. tabacum using viral vectors carrying
untagged crtE, crtB and crtI enzymes (Majer et al., 2017). First,
agroinfiltration of N. benthamiana leaves was found to be a much
faster and reliable method to test enzyme combinations with
minimal interference from chlorosis and necrosis. Second, using
the GFP-crtB protein ensured cytosolic localization of the
phytoene-producing crtB enzyme (Llorente et al., 2020). Third,
adding a deregulated version of the HMGR enzyme (tHGMR)
boosted cytosolic GGPP supply to reach much higher phytoene
and lycopene levels than those achieved in our previous work.
Fourth, extraplastidial carotenoid levels remained high for much
longer that when using viral vectors. And fifth, we showed that
the accumulation of these extraplastidial carotenoids provides
nutritional benefits that can be transferred to leafy vegetables
such as lettuce, hence demonstrating the feasibility of using this
strategy for food biofortification.
Rapid testing of different gene combinations by agroinfiltration
led to establish that a major limiting step for carotenoid
biosynthesis outside plastids was the supply of their metabolic
precursors (Figure 3). To enhance the production of these
precursors, we used a truncated form of HMGR, considered to
be the main rate-determining enzyme of the MVA pathway
(Rodriguez-Concepcion and Boronat, 2015). This truncated form
(tHMGR) retains the cytosolic domain bearing its catalytic activity
but lacks the N-terminal 1S region required to anchor the enzyme
to the ER (Figure 1). As the N-terminal region is also key for the
regulation of HMGR enzyme levels and activity, the tHMGR
protein is a deregulated and more stable version of the enzyme
(Doblas et al., 2013; Leivar et al., 2011; Pollier et al., 2013;
Rodriguez-Concepcion and Boronat, 2015). The use of tHMGR
enzymes has already been shown to increase the production of
MVA-derived isoprenoids such as sesquiterpenes and sterols
(Figure 1) (Andersen et al., 2017; Cankar et al., 2015; Chappell
et al., 1995; Harker et al., 2003; van Herpen et al., 2010; Lee
et al., 2019; Wu et al., 2006; Yin and Wong, 2019). The highest
increases have been typically obtained in transient expression
assays with N. benthamiana leaves similar to those used in our
work. In particular, addition of Arabidopsis tHMGR to agroinfil-
trated gene combinations caused a 37-fold increase in endoge-
nous sesquiterpenes levels (Cankar et al., 2015) and boosted the
production of exogenous sesquiterpenes (i.e. those not naturally
found in N. benthamiana) up to 300-fold (van Herpen et al.,
2010). The ca. 100-fold increase in phytoene levels observed after
incorporating tHMGR with the combination of GFP-crtB and crtE
(i.e. HEB vs. EB; Figures 3b and 4b) falls within the same range.
Unlike sesquiterpenoids, carotenoids such as phytoene and
lycopene are not naturally produced in the cytosol of plant cells.
We therefore reasoned that the levels of carotenoids accumu-
lated outside plastids could be further increased by improving the
capacity of leaf cells to sequester and store these lipophilic
isoprenoids through the development of ER-derived membrane
systems and lipid bodies. Fusion of the 1S domain of the
Arabidopsis HMGR1S isoform to crtE successfully targeted the
resulting enzyme to the ER, and also stimulated a massive
development of ER-derived membranes and vesicular structures
similar to those observed with the 1S-GFP protein (Figure 2)
(Ferrero et al., 2015). In the case of crtB and crtI, however, the
proteins 1S-crtB-GFP and 1S-crtI-GFP were targeted to the ER
membranes but did not stimulate the proliferation of fluorescent
bodies (Figure 2), perhaps because they were produced at lower
levels than the 1S-crtE-GFP fusion. Consistently, the number of
cells showing detectable GFP fluorescence was much lower in leaf
areas agroinfiltrated with 1S-crtB-GFP or 1S-crtI-GFP compared to
those agroinfiltrated with 1S-crtE-GFP or 1S-GFP. In addition, the
fusion to 1S did not have a substantial impact on crtE activity (i.e.
in the production of GGPP) but it dramatically prevented the
conversion of GGPP into phytoene and had a negative impact on
the synthesis of lycopene from phytoene (Figure 4c). It is possible
that cytosolic (i.e. soluble) GFP-crtB and crtI enzymes could
associate for efficient channelling of GGPP provided by either
soluble or membrane-bound crtE to lycopene, which would then
be released to form crystals. Indeed, it has been suggested that
these bacterial enzymes might interact to form a multiprotein
complex and/or create a microenvironment to function as a
metabolon for efficient substrate channelling when produced
inside plastids (Nogueira et al., 2013; Ravanello et al., 2003). ER-
membrane association might prevent such direct interaction of
the enzymes, negatively impacting lycopene production. The
observation that ER-targeting of crtB results in a dramatic block of
phytoene production in samples containing soluble tHMGR
(Figure 4c) but not in those harbouring only the endogenous
ER-anchored HMGR enzymes (Figure 3b) further supports the
conclusion that high phytoene (and lycopene) titres require a
completely soluble synthetic pathway for efficient metabolite
channelling.
Another remarkable observation of our work was that prolif-
eration of ER-derived membrane structures (e.g. in leaf areas
expressing 1S-crtE) or lipid bodies did not provide an advantage
for the accumulation of extraplastidial carotenoids (Figure 4). This
might not be so surprising in the case of lycopene, which was
later found to form cytosolic crystals (Figure 7). It is likely,
however, that lycopene produced in HEBI leaves is initially stored
in association with cell membranes before reaching a concentra-
tion high enough to crystallize. In the case of phytoene, fruits that
produce high amounts of this carotenoid store it in lipophilic
vesicles inside chromoplasts that are sometimes released into the
cytosol, probably to remove excess amounts accumulated in
plastidial membranes (Lado et al., 2015; Nogueira et al., 2013).
Whether the massive amounts of phytoene produced in HEB and
HEBI cells are sequestered in cell membrane systems other than
those derived from the ER (e.g. vacuoles or plasma membrane)
remains unknown. However, the observation that the bioacces-
sibility of phytoene produced in HEB leaves is significantly higher
than that accumulated in the plastids of NF-treated leaves
(Figure 6b) suggests that phytoene might be less tightly associ-
ated to membranes when produced and stored at extraplastidial
locations.
Regardless of the storage mechanism, the accumulation of
extraplastidial carotenoids in our system achieved levels compa-
rable to those of endogenous chloroplast carotenoids and,
significantly, these levels remained high for over a week. This
represents a dramatic increase in stability relative to our previous
results using viral vectors, when lycopene levels dropped soon
after the leaves exhibited a red colour (Majer et al., 2017). It is
ª 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1–14
Trine B. Andersen et al.10
possible that crystallization of lycopene in HEBI leaves after
reaching levels similar to those found in tomato fruit chromo-
plasts could contribute to its higher stability, as crystals are
metabolically and osmotically inert and probably less prone to
oxidative or enzymatic degradation. Nevertheless, the formation
of cytosolic lycopene crystals in HEBI cells and the accumulation of
similarly high levels of phytoene in HEB cells had a negative effect
on cell fitness. Indeed, several signs of cell damage, including
chlorosis and eventual necrosis, developed about a week after
agroinfiltration in HEB and HEBI leaves. The reduction in
chlorophyll levels, the increased number of chloroplast plas-
toglobules, the decreased abundance of thylakoids and grana,
and the defects in photosynthetic activity detected in these leaves
(Figure 5) strongly suggest that extraplastidial accumulation of
lycopene and, to a lesser extent, phytoene triggered a leaf
senescence process. Indeed, the earliest changes associated with
leaf senescence occur in the chloroplast and cause chlorosis
before necrotic symptoms are observed (Tamary et al., 2019). It
seems likely that these deleterious, senescence-like effects
observed in HEB and HEBI leaves might be related to cell damage
caused by the disruption of normal cell compartments, functions
and/or metabolism upon accumulation of extraplastidial iso-
prenoids. Alternatively, signals derived from the cleavage of
cytosolic phytoene, lycopene or intermediate carotenoid species
might be transduced to regulate chloroplast structure and
function, including photosynthetic activity (Avendano-Vazquez
et al., 2014; Cazzonelli et al., 2020).
Very little attention has been paid to carotenoid biofortification
of green vegetables to date, in part because of the challenges
associated with changing the balance between carotenoids and
chlorophylls (Alos et al., 2016; Domonkos et al., 2013; Esteban
et al., 2015; Hashimoto et al., 2016; Zheng et al., 2020).
Nonetheless, recent reports have shown that N. benthamiana
leaves overexpressing regulators of carotenoid gene expression
and storage were able to double their carotenoid content in
chloroplasts (Ampomah-Dwamena et al., 2019; D’Amelia et al.,
2019; Llorente et al., 2020; Wang et al., 2018). Here we report a
similar twofold increase in total carotenoid levels in N. benthami-
ana leaves (Figure 4b). Despite the defects on cell function
described above, our system for cytosolic production of
carotenoids offers multiple advantages over those modifying
the plastidial carotenoid content. Firstly, the composition of
chloroplast carotenoids remains unchanged in our system (Fig-
ure 5c) and therefore their photosynthetic and photoprotective
functions are not directly impacted. Although a likely secondary
cell damage-associated effect does cause photosynthesis to slow
down (Figure 5e), it is not blocked and can therefore continue to
support plant growth while the extraplastidial carotenoids are
produced and stored. Secondly, our system separates the
carotenoid intermediates from those plastidial enzymes that
convert them into downstream products or degrade them into
cleavage products, including apocarotenoid signals (Rodriguez-
Concepcion et al., 2018). While non-enzymatic degradation
could still occur, it does not appear to be a problem to achieve
high titres of extraplastidial carotenoids in our system. Together
with the unexpected capacity of leaf cells to accumulate
carotenoids outside chloroplasts, this resulted in levels of
phytoene and lycopene up to 1 mg/g DW, in the range of those
found in chromoplasts from natural sources such as ripe tomato
fruit (D’Andrea et al., 2018; Diretto et al., 2020; Flores et al.,
2016; Massaretto et al., 2018; Nogueira et al., 2013; Pankratov
et al., 2016; Suzuki et al., 2015). Thirdly, the system is very
flexible, and the incorporation of additional enzymes catalysing
downstream steps is feasible so that a much broader variety of
carotenoids could be produced (Nogueira et al., 2019). Finally, we
demonstrate that this system can be adapted to the bioengi-
neering of leafy vegetables such as lettuce, improving their
antioxidant capacity, bioaccessibility and overall nutritional
quality.
N. benthamiana is particularly well suited to produce high titres
of valuable enzymes and metabolites for molecular pharming due
to a fast growth rate and a natural ability to express heterologous
gene sequences, among other traits (Lomonossoff and D’Aoust,
2016). While agroinfiltration assays can be scaled up for industrial
production of carotenoids and other metabolites in N. benthami-
ana, adaptation to crops such as lettuce for human or animal
consumption should require further efforts in the development
and optimization of safe and reliable transient expression
methods with no health risks. Stable expression of transgenes
appears as a valid alternative from the technical point of view.
However, the poor consumer acceptance of transgenesis has
turned the attention to genome editing. New varieties of leafy
food (e.g. lettuce, spinach, cabbage, kale, chard) and forage
crops (e.g. alfalfa, grasses) could be generated by editing
endogenous genes to overaccumulate carotenoids in extraplas-
tidial locations. Flux-controlling enzymes involved in isoprenoid
biosynthesis (including HMGR, GGPP synthase and phytoene
synthase) are encoded by small gene families in most plants. In
the case of GGPP synthase, cytosolic isoforms are naturally
present (Ruiz-Sola et al., 2016). For the rest, CRISPR-Cas9
technology could be used to remove the N-terminal region from
non-essential and/or tissue-specific isoforms of HMGR (to create
truncated forms similar to the tHMGR version used here) and
carotenoid biosynthetic enzymes such as phytoene synthase (to
remove the plastid transit peptide and create a cytosolic version).
Furthermore, our results open the door to the biofortification of
leafy vegetables with other health-promoting isoprenoids such as
tocopherols (vitamin E), phylloquinones (vitamin K1) and plasto-
quinone by engineering extraplastidial biosynthetic pathways
using MVA-derived precursors.
Methods
Plant material, growth conditions and treatments
Nicotiana benthamiana RDR6i, tomato (Solanum lycopersicum)
MicroTom and lettuce (Lactuca sativa) Romaine plants were
grown in a greenhouse under standard long-day conditions as
described (D’Andrea et al., 2018; Llorente et al., 2016; Majer
et al., 2017). For N. benthamiana agroinfiltration, the second or
third youngest leaves of 4-5-week-old plants were infiltrated with
LB-grown cultures of Agrobacterium tumefaciens strain GV3101
cells transformed with the plasmids of interest as described
(Sparkes et al., 2006). Cultures were typically used at an optical
density at 600 nm of 1 and mixed in identical proportions for the
various combinations. Gene silencing was prevented by co-
agroinfiltration with the A. tumefaciens strain EHA101 carrying
the helper component protease (HCPro) of the watermelon
mosaic virus (WMV) in plasmid pGWB702-HCProWMV (the kind
gift of Juan Jose Lopez-Moya and Maria Luisa Domingo-Calap).
For pharmacological treatments, stock solutions of mevinolin
(MEV), fosmidomycin (FSM) and norflurazon (NF) prepared as
described (Llamas et al., 2017; Perello et al., 2014) were diluted in
water and 0.05 % Tween 20 right to final concentrations of
10 µM MEV, 200 µM FSM and 20 µM NF. Working solutions were
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then infiltrated with a syringe. Infiltration of MEV and FSM was
carried out in leaf areas that had been agroinfiltrated with
different constructs 24 h earlier. Agroinfiltration of lettuce was
performed by vacuum as described (Yamamoto et al., 2018).
Constructs
A truncated version of Arabidopsis thaliana HMGR1 (At1g76490)
missing the N-terminal 164 aa, referred to as tHMGR (Cankar
et al., 2015), was cloned into a pEAQ-USER version of the pEAQ-
HT vector kindly provided by George Lomonossoff (Luo et al.,
2016; Peyret and Lomonossoff, 2013). Full-length sequences
encoding Pantoea ananatis crtE, crtB and crtI enzymes were
amplified by PCR from plasmid pACCRT-EIB and cloned using the
Gateway system into plasmid pDONR207 as described (Majer
et al., 2017). Plasmid pGWB506 was used to generate construct
35S:GFP-crtB and plasmid pGWB405 to generate constructs 35S:
crtE, 35S:crtE-GFP, 35S:crtB, 35S:crtB-GFP, 35S:crtI and 35S:crtI-
GFP (Majer et al., 2017; Nakagawa et al., 2007). Some of these
constructs were later used to generate 1S-tagged versions by
fusing the sequence encoding the first 178 aa residues of the A.
thaliana HMGR1S isoform to the N-terminal region of the crtE,
crtB or crtI enzymes using overlap extension PCR. Plasmid pCA-
TXS-His (Besumbes et al., 2004) was used for the expression of a
yew (Taxus baccata) sequence encoding TXS. Constructs to
stimulate lipid body formation (Delatte et al., 2018) were kindly
provided by Maria Coca and Tarik Ruiz.
Microscopy
Subcellular localization of GFP-tagged proteins was observed by
direct examination of agroinfiltrated leaf tissue at 3 dpi with a
Leica TCS SP5 Confocal Laser Scanning Microscope. GFP fluores-
cence was detected using a BP515-525 filter after excitation at
488 nm, whereas chlorophyll autofluorescence was detected
using a LP590 filter after excitation at 568 nm. For light
microscopy, leaves were cut into small pieces and cells were
separated as described (Lu et al., 2017). Transmission electron
microscopy (TEM) of agroinfiltrated leaf areas was performed as
described (D’Andrea et al., 2018).
HPLC analysis of pigments
Leaf areas of interest were harvested, snap-frozen in liquid
nitrogen and lyophilized until they were completely dry. Approx-
imately 4 mg of this freeze-dried tissue (corresponding to samples
from different leaves pooled together) was mixed with 375 µL of
methanol and 25 µL of a 10 % (w/v) solution of canthaxanthin
(Sigma) in chloroform. Extraction and separation of chlorophylls
and carotenoids were then performed as described (Emiliani
et al., 2018). Eluting compounds were monitored using a
photodiode array detector. Peak areas of chlorophylls at
650 nm and carotenoids at 470 nm (lycopene, lutein, b-carotene,
violaxanthin, neoxanthin, canthaxanthin) or 280 nm (phytoene)
were determined using the Agilent ChemStation software.
Quantification was performed by comparison with commercial
standards (Sigma).
UV-Vis absorption and resonance Raman
Absorption spectra were measured using a CARY5000 UV/Vis/NIR
spectrophotometer (Agilent). Because the analysed tissues were
not transparent, we used an integration sphere in reflectance
mode, transforming into absorbance using the Kubelka  Munk
function (Nobbs, 1985). Resonance Raman spectra were recorded
at room temperature and 77 K, the latter with an LN2-flow
cryostat (Air Liquide). Laser excitations at 488, 501.7 and
514.5 nm were obtained with an Ar + Sabre laser (Coherent),
and at 577 nm with a Genesis CX STM laser (Coherent). Output
laser powers of 10–100 mW were attenuated to <5 mW at the
sample. Scattered light was focused into a Jobin-Yvon U1000
double-grating spectrometer (1800 grooves/mm gratings)
equipped with a red-sensitive, back-illuminated, LN2-cooled
CCD camera. Sample stability and integrity were assessed based
on the similarity between the first and last Raman spectra.
Photosynthetic measurements
Photosynthetic efficiencies were assessed by measuring chloro-
phyll a fluorescence with a MAXI-PAM fluorimeter (Heinz Walz
GmbH). Photosynthetic parameters were evaluated at 0, 3, 5 and
7 dpi in plants that were previously kept in darkness for at least
30 min to fully open and relax PSII reaction centres. Effective
quantum yield of PSII (ɸPSII) was measured as (Fm’Fs)/Fm’,
where Fm’ and Fs are the maximum and minimum fluorescence
of light-exposed plants, respectively. The chosen light intensity
was 21 PAR (AL = 2). Average values were calculated from three
biological replicates with three different leaf areas for each
replicate.
Antioxidant capacity
Carotenoid extracts prepared as described above were diluted in
400 µL of diethyl ether and saponified by adding 100 µL of 10%
(w/v) KOH in methanol to avoid interference from chlorophylls.
Samples were left shaking for 30 min at 4 °C and then diluted
with 400 µL of milliQ water before centrifugation for 5 min at
13 000 rpm and 4 °C. The upper phase was collected, dried in a
SpeedVac and resuspended in 200 µL of acetone. Total antiox-
idant capacity of the mixture was carried out as described (Re
et al., 1999).
Bioaccessibility assays
N. benthamiana leaves were either agroinfiltrated with constructs
encoding tHMGR, crtE and GFP-crtB (HEB) to produce extraplas-
tidial phytoene or syringe-infiltrated with a 20 µM NF solution in
water and 0.05 % Tween 20 to accumulate plastidial phytoene
by preventing its conversion into downstream carotenoids.
Samples from several HEB and NF-treated leaves were collected
5 days after infiltration; non-infiltrated leaves were also collected
as controls. Bioaccessibility assays were carried out as described
(Estevez-Santiago et al., 2016) using lyophilized tissue samples.
Statistical analyses
Student’s t-tests were used for statistical analyses using Prism
5.0a (GraphPad) and Office Excel 2010 (Microsoft).
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